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ABSTRACT 
 
Cronobacter sakazakii is an opportunistic pathogen associated with outbreaks of 
neonatal necrotizing enterocolitis, septicemia, and meningitis. Reconstituted powdered 
infant formulae (PIF) is the most common vehicle of infection. Plate count methods do 
not provide direct information on the physiological status of cells. Flow cytometry (FC) 
has been used to gain insights into the physiological states of C. sakazakii after heat 
treatments, and to compare FC results with plate counts. The percentage of 
compromised cells increased as the percentage of live cells increased after the 100 ºC 
treatment. However, the number of compromised cells after 60 or 65 ºC treatments 
decreased as the percentage of live cells increased, showing that both mild temperatures 
would not be completely effective eliminating all bacteria but compromising their 
membranes, and showing that mild heat treatments are not enough to guarantee the 
safety of PIF. FC was capable to detect C. sakazakii compromised cells that cannot be 
detected with classical plate count methods, thus it could be used to decreasing the risk 
of pathogenic viable but non-culturable cells to be in the ingested food. Linear 
regression analysis showed good correlations between plate count results vs FC results. 
 
Keywords: Flow cytometry, Cronobacter sakazakii, heat stress, compromised cells, 
thermal resistance. 
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1. Introduction 
 
During the last decade, scientific interest has turned to Cronobacter sakazakii, 
formerly Enterobacter sakazakii, as a human pathogen. C. sakazakii is an opportunistic 
pathogen associated with outbreaks of neonatal necrotizing enterocolitis, septicemia, 
and meningitis (Beuchat et al., 2009; Farmer, Asbury, Hickman, & Brenner, 1980; 
Iversen et al., 2008). The first virulence factors identified in C. sakazakii were 
enterotoxins (Pagotto et al., 2003). Raghav & Aggarwal (2007) identified a 66kDa toxin 
which was most active at pH 6, with the ability to be stable at 90 ºC for 30 min, and 
potent cell toxicity (LD50 = 56 pg). This organism has a high case fatality rate in 
vulnerable infants and, in surviving patients, severe neurological sequelae have occurred 
including hydrocephalus, quadriplegia and developmental delay (Iversen et al., 2008; 
Lai, 2001). 
The International Commission for Microbiological Specification for Foods 
(2002) ranked Cronobacter spp. as a “severe hazard for restricted populations causing 
life-threatening or substantial chronic sequelae of long duration.” The FAO/WHO 
(2004) noted that although C. sakazakii has caused invasive infection in all age groups, 
infants are the group at particular risk. Reconstituted powdered infant formulae (PIF) 
and powdered milk have been the most common vehicles implicated in neonatal C. 
sakazakii infections (Beuchat et al., 2009; Biering et al., 1989; Centers for Disease 
Control and Prevention, 2002; Simmons et al., 1989; van Acker et al., 2001). 
PIF could be easily contaminated because it is a non-sterilized product (Beuchat 
et al., 2009). In hospitals, environmental contamination and temperature abuse of the 
reconstituted formula have been contributory factors (Bar-Oz et al., 2007; Biering et al., 
1989). The WHO (2007) recommends cooling the temperature of boiled water not 
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below 70 ºC for safe preparation of PIF. Heat stress can damage the bacterial cell wall 
and cause the breakage of genomic DNA along with misfolding of cytoplasmic proteins 
(Arku, Fanning, & Jordan, 2011a). However, bacteria can survive to sublethal heat 
stress and can also be adaptive by inducing response to high environmental 
temperatures resulting in higher tolerance to subsequent lethal stress (Jordan et al., 
1999), which has been demonstrated for Cronobacter spp. (Arku, Fanning, & Jordan, 
2011b). 
The plate count-based method to assess bacterial numbers surviving after the 
imposition of stress does not provide direct information on the physiological status of 
cells (Arku et al., 2011a; Herrero, Quirós, García, & Díaz, 2006). This approach only 
detects cells able to form colonies but cannot detect metabolically active cells that do 
not form them (Bunthof and Abee, 2002; Herrero et al., 2006), such as compromised –
damaged or injured– or stressed bacteria, which could be viable but nonculturable (Arku 
et al., 2011; Baatout et al., 2005; Kim et al., 2009). In contrast, flow cytometry (FC) 
provides information on the dynamics and physiological heterogeneity of bacterial 
populations (Amor et al., 2002; Pianetti et al., 2005). This technique employs 
fluorescence markers and uses direct optical devices to quantify the properties of single 
cells (Papadimitriou et al., 2006), providing a fundamental advantage over conventional 
methods (Nebe-von-Caron et al., 2000; Shapiro, 2000). 
The aim of the present study is to apply the FC technique to Cronobacter 
sakazakii cultures after mild and strong heat treatments to gain insights into bacteria 
physiological states, and to evaluate the performance of the FC for the quantification of 
Cronobacter sakazakii as compared with plate counts. 
 
2. Material and methods 
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2.1. Culture preparation 
Cronobacter sakazakii ATCC 29544 was used (Choi, Kim, Lee, & Rhee, 2013; 
Joshi, Howell, & D’Souza, 2014; Lehner et al., 2005; Parra-Flores, Juneja, de Fernando, 
& Aguirre, 2016). In triplicate (in three different days) the strain was cultured twice in 
sterile Trypticase Soy Broth (TSB; Difco, BD Diagnostics, Spark, MD, USA) at 37 ºC 
for 24 h to reach the stationary phase, with a concentration of ca. 109 CFU/ml. The 
populations were counted after spreading 10 µl aliquots from serial dilutions onto TSA 
plates following the drop method described by Chen, Nace, & Irwin (2003) and 
incubated at 37 ºC for 24 h. A population of 1.1 x 109 (± 0.1 x 109) CFU/ml was 
counted. 
 
2.2. Dead-cells suspensions (DCS) 
Dead-cells single-color suspensions were prepared as controls for setting up the 
FC procedure following the manufacturer instructions of the staining kit used later (see 
below). Portions of 1 ml from the microorganism’s cultures were dispensed into 
microcentrifuge tubes, centrifuged at 10,000 g for 3 min to pellet the cells and washed 
with 0.85% NaCl. The supernatants were removed and discarded. Centrifugation and 
washing procedures were repeated twice. The pellets were re-suspended with 1 ml of 
70% isopropyl alcohol and incubated at room temperature for 60 min mixing every 15 
min, giving DCS ready for the staining. 
 
2.3. Non-heat-treated (nTCS) and heat-treated (TCS) cell suspensions  
One ml aliquots from the microorganism’s cultures were dispensed into 
microcentrifuge tubes and centrifuged at 10,000 g for 3 min. The pelleted cells were 
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washed with 0.85% NaCl and the supernatants were removed and discarded. 
Centrifugation and washing procedures were repeated twice. The pellet was re-
suspended with 1 ml of 0.85% NaCl giving a non-heat-treated cell suspension (nTCS), 
and an aliquot was used for viable cell count as mentioned above (Chen, Nace, & Irwin, 
2003). 
For the heat treatment viability assays, 10 ml from broth cultures were placed in 
50 ml screw-cap glass tubes and heated at 60, 65, or 100 ºC for 5 min and immediately 
introduced in a water bath at 4 ºC for 5 min. As C. sakazakii mean thermal inactivation 
D60 ºC and D65ºC values are about 4.3 and 0.6 min, respectively (z-value of 5.6 ºC; 
Edelson-Mammel and Buchanan, 2004), partial thermal inactivation and sublethally 
damaged cells resembling under-pasteurization heating conditions were expected after 
both 60 or 65 ºC heat treatments. Irreversibly destroyed cells were expected after the 
100 ºC treatment resembling high pasteurization conditions. After the heat treatments, 1 
ml of each of the heat-treated cultures were dispensed into microcentrifuge tubes, 
centrifuged and washed twice with 0.85% NaCl as previously described obtaining heat-
treated cell suspensions (TCS); the resulting viable cell concentrations were determined 
as described for the nTCS. 
Finally, cell suspensions were mixed into FC analysis tubes at different 
nTCS:TCS ratios (vol:vol): 100, 75, 50, 25, and 0% of nTCS. Control tubes with only 
0.85% NaCl were also prepared.  
 
2.3. FC analysis 
Cell suspensions were stained using the Live/Dead BacLight Bacterial Viability 
and Counting Kit (Molecular Probes, Invitrogen, CO, USA) according to the 
manufacturer instructions. For accurate counting, the total volume in the FC tubes was 
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1000 µl. Briefly, 10 µl of the bacterial cell suspension, 987 µl of 0.85% NaCl, 1.5 µl of 
3.34 mM SYTO9 green fluorescent nucleic acid stain and 1.5 µl of 30 mM propidium 
iodide (PI) red fluorescent nucleic acid stain were dispensed into each FC tube. The 
tubes were incubated at room temperature for 15 min protected from light. 
FC analyses were conducted using a Cytomics FC 500 (Beckman Coulter, Brea, 
CA, USA) with an excitation wavelength of 488 nm from a blue argon laser. Each cell 
(called event) was characterized by two fluorescent parameters that measured green 
fluorescence emission (FL1 channel) and red fluorescence emission (FL3 channel). 
Green fluorescing SYTO9 is able to enter all cells and is used for assessing total cell 
counts, whereas red fluorescing PI enters only cells with damaged cytoplasmic 
membranes. Optical bandpass filters were set up to measure the green fluorescence of 
SYTO9 at 525/40 nm (FL1) and the red fluorescence of PI at 620/30 nm (FL3). The 
measurements were conducted after 300 seconds or 500,000 events at a low flow rate 
(10 µl/min).  
Correlations between FC method and plate counts were calculated (Gunasekera 
et al., 2000). Different cell concentrations of C. sakazakii between 104 and 109 CFU/ml 
were analyzed using FC and plate count method.  
 
3. Results 
 
3.1. DCS 
The FC plot obtained from C. sakazakii dead-cells suspensions is shown in 
Figure 1. The events are distributed according to fluorescence intensity at the two 
wavelengths studied. A gate was positively identified for dead cells since all of them 
were restricted to a very well-defined area, allowing its use as a control for future 
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differentiation between dead and live cells in different areas. 
 
3.2. nTCS and TCS 
Figure 2 shows the distribution of the events observed in the cytometer 
according to the staining of nTCS and different nTCS:TCS ratios. Figure 2A shows 
three different 100% nTCS plots before been heat treated. An area for the live cells was 
identified. Figure 2B shows the nTCS:TCS mixtures: 0, 25, 50, or 75% of nTCS 
cultures mixed with TCS previously heat-treated at 60, 65, or 100 ºC. After the 100 ºC 
heat treatment, dead cells were restricted to a very well-defined area (Figure 2.B3; 0% 
nTCS or 100% TCS), as previously observed from DCS controls shown in Figure 1. 
The identification of live cells and dead cells areas allowed the identification of the third 
area for cells with compromised membranes –stained with both colorants. 
Compromised cells spread themselves into the intact-membrane (live cells) and 
damaged-membrane (dead cells) areas as observed with the different nTCS:TCS 
mixtures. After the 100 ºC heat treatment, the number of compromised cells increased 
as the percentage of live cells (nTCS) increased. In contrast, after the heat treatments at 
60 or 65 ºC, the number of compromised cells decreased as the percentage of nTCS 
increased (Figures 2.B1 and 2.B2), showing that mild heat treatments at 60 or 65 ºC do 
not kill completely all bacteria but part of the population, resulting in a high percentage 
of compromised cells. 
 
3.3. FC events vs plate counts 
Linear regression analysis between FC events of live cells and plate counts was 
carried out obtaining a strong correlation (R2 = 0.932). 
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4. Discussion 
C. sakazakii is a pathogenic bacterium able to produce capsular material and 
biofilms (Iversen, Lane, & Forsythe, 2004; Lehner et al., 2005). These characteristics 
allow the microorganism to protect itself from hostile environments. Three different 
heat treatments were used to assess the viability of C. sakazakii cells, and compromised 
cells were found. The percentage of compromised cells increased as the percentage of 
live cells increased after the heat treatment at 100 ºC, and the number of live cells will 
depend on the environmental conditions affecting their physiological state. Indeed, each 
cell has its own characteristics, behavior, and response to the environment. Following 
previous statements by Fredrickson, Ramkrishna, & Tsuchiya (1967) and Baranyi & 
Roberts (1994) the kinetics of a bacterial population can be characterized by the 
extracellular environment and the intracellular conditions. This is an interesting fact far 
from the aim of this work; the study of how and when cells enter a compromised 
physiological state will need further investigation. The results were different after heat 
treatments at 60 or 65 ºC, i.e., the number of compromised cells decreased as the 
percentage of live cells increased; both temperatures were not completely effective at 
killing all bacteria but compromising their membranes and, subsequently, their viable 
physiological state. 
SYTO9 is a hydrophobic cell-permeant nucleic acid stain that shows a large 
fluorescence enhancement upon binding nucleic acids after penetrating the cell intact 
membrane (Bunthof and Abee, 2002; Stocks, 2004). PI is a membrane impermeant 
hydrophilic stain with a high molecular weight that binds to nucleic acids only when the 
cell membrane has pores (Manini and Danovaro, 2006; Müller and Nebe-von-Caron, 
2010). When the PI is mixed with the SYTO9, cells with intact membrane fluoresce 
green while cells with damaged membrane fluoresce red –they lose their green 
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fluorescence because the PI competes for the same target areas than the SYTO9, reason 
behind its greater affinity for nucleic acids than SYTO9 forcing its displacement from 
its binding (Berney et al., 2007; Hewitt & Nebe-Von-Caron, 2004; Manini & Danovaro, 
2006; Stocks, 2004). According to Berney, Hammes, Bosshard, Weilenmann, & Egli 
(2007), microscopy allows to distinguish the difference between green or red 
fluorescent cells, but FC allows to observe a curve-shaped pattern of fluorescence with 
different amounts of both stains. A third green-red fluorescent group of cells can be 
detected (Pianetti et al., 2005; Subires et al., 2014), which represents an intermediate 
state in the permeabilization of the cell membrane allowing the PI to penetrates into the 
cell but not in enough quantities to displace efficiently the SYTO9 from its binding to 
the nucleic acids (Barbesti et al., 2000; Ben-Amor et al., 2005; Pianetti et al., 2005; 
Saegeman et al., 2007; Subires et al., 2014). 
To study the physiological states of the bacterial cells, SYTO9 and PI stains 
enable differentiation between bacteria with intact and damaged cytoplasmic 
membranes, and it has been used to differentiate between active and dead cells (Berney 
et al., 2007; Gasol et al., 1999; Sachidanandham et al., 2005). Several authors have 
shown that the staining of bacterial cells with SYTO9 and PI does not always produce 
distinct live and dead populations (Sachidanandham et al., 2005); indeed, intermediate 
states reflecting physiological heterogeneity are also observed (Barbesti et al., 2000; 
Berney et al., 2007, 2006; Gregori et al., 2001; Hoefel et al., 2003; Joux and Lebaron, 
2000; Pianetti et al., 2005; Sachidanandham et al., 2005; Virta et al., 1998). As 
previously stated by Berney et al. (2007), the region of intermediate states shown by the 
FC plots is referred to as “unknown” in the kit manufacturer’s manual also used in the 
present study, leading to difficulties in the interpretation of results. That fact can be 
critical when decisions have to be made about the number of viable bacteria in water or 
 11 
food samples (Berney et al., 2007; Pianetti et al., 2005). 
To our knowledge, the nature of this intermediate state has not been clarified or 
detected in C. sakazakii. In the present study, we have detected such an intermediate 
state and linked it to the physiological properties of the bacterial cells. We have 
observed a distinctive curve-shaped pattern of fluorescence for C. sakazakii cells that 
were exposed to heat treatments. The cloud of live cells showed a displacement of 
events from the area of the live cells to the dead cells area following a curve-shaped 
pattern. This displacement would reflect the different physiological states of Gram-
negative bacteria as the damage process of the cells proceeds. A first step would be the 
damage of the outer membrane while the cytoplasmic membrane is still intact –PI 
cannot penetrate it–, followed by a second step with the complete damage of the 
cytoplasmic membrane. Berney et al. (2007) reported a similar pattern when Gram-
negative bacterial cells such as Escherichia coli, Salmonella enterica serovar 
Typhimurium, and Shigella flexneri, were UVA-irradiated or EDTA-treated. That 
pattern was related to the presence of intermediate cellular states characterized by the 
degree of damage afflicted specifically on the bacterial outer membrane. These results 
indicate that the outer membrane of late stationary-phase cells of Gram-negative 
bacteria is a barrier for SYTO9 (Berney et al., 2007). The permeabilization of the outer 
membrane can be done with artificial UV (Berney et al., 2007, 2006; Chamberlain and 
Moss, 1987; Wagner and Snipes, 1982) as well as sunlight (Berney et al., 2006) before 
the disruption of the cytoplasmic membrane. Our results would show that the disruption 
of the outer membrane by mild heat treatments may have gone along with some grade 
of permeabilization of the cytoplasmic membrane; this fact would explain that this 
phenomenon was not observed in Gram-positive Enterococcus faecalis (Berney et al., 
2007), which lacks an outer membrane. 
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C. sakazakii may be present in reconstituted PIF and possibly survive the mild 
heat stress associated with its reconstitution (Parra-Flores et al., 2016) because clinical 
strains appeared to be more thermotolerant than their environmental counterparts (Yan 
et al., 2012). Cross-contamination can occur at any point, so those cells present in 
reconstituted PIF may not be heat damaged (Parra-Flores et al., 2016). 
Recommendations for the preparation of PIF in the neonatal intensive care units and 
how to prepare PIF for bottle-feeding at home were proposed by the WHO (2007). To 
avoid the risk of burns, the appropriate amount of boiled water has to be allowed to cool 
but not below 70 °C. To achieve this temperature, the water should be left for no more 
than 30 min after boiling. Despite these recommendations, instructions for 
reconstitution may suggest using water at temperatures as low as 40 ºC (Parra-Flores et 
al., 2016; Xu et al., 2015) due to undesirable effects on the organoleptic, nutritional, and 
functional properties of reconstituted PIF (Pina-Pérez et al., 2016). Moreover, the 
possibility of (i) a re-heating treatment of the previously reconstituted PIF or (ii) a mild 
heat treatment (40-70 ºC) of the water previously to its use for the reconstitution of PIF 
should not be discarded, especially at home. These situations would represent high-risk 
scenarios in food safety for children. In the present study, three heat treatments have 
been used. The 100 ºC heat-treated samples did not show bacterial growth on agar 
plates nor with the cytometer. However, treatments at 60 or 65 ºC did not eliminate all 
bacteria giving counts of about 4-5 log CFU/ml in agar plates and 5.1-5.6 log events/ml 
with the cytometer. These results show that mild heat treatments are not enough to 
guarantee the safety of PIF and stress the importance of proper boiling treatment of 
water previously to its use for reconstituting PIF followed by a cooling period under 
sterilized conditions until an adequate temperature for consumption is achieved. Parra-
Flores et al. (2016) arrived at the same conclusion after studying the variability in cell 
 13 
response of C. sakazakii after mild heat treatments at 50 ºC for 5 or 10 min. Arku, 
Fanning, & Jordan (2011a), Arku, Fanning, & Jordan (2011b), Baatout, De Boever, & 
Mergeay (2005), and Bunthof & Abee (2002) stated that the membrane integrity 
reflecting the viability of the cell appears to be dependent on environmental conditions 
and the physiological status of the cell during the time of analysis; Arku et al. (2011b) 
showed that C. sakazakii cells decrease in survival as the temperature increased from 52 
to 67 ºC for 30 min. Choi, Kim, Lee, & Rhee (2013) analyze the mode of membrane 
disruption with FC founding that the proportion of C. sakazakii cells in the PI 
fluorescent region increased as a function of the treatment time for 5, 10, or 30 min with 
antimicrobial natural compounds. Marty et al. (2013) studied the molecular dynamics 
adaptation of microorganisms’ proteome to temperature; the dynamic state of a large 
fraction of the proteome of Halobacterium salinarum was strongly disrupted under heat 
stress from 40 to 60 ºC for 60 min. Similar results were found by Tehei et al. (2004) for 
Escherichia coli. 
Parra-Flores et al. (2016) observed considerable variability in the lag phase of C. 
sakazakii cells, with great influence of a previous heat-shock and the growth 
temperatures. Both findings agree with similar results in previous studies with Listeria 
innocua, Enterococcus faecalis, Salmonella enterica, and Pseudomonas fluorescens 
(Aguirre et al., 2013, 2009; Koutsoumanis, 2008; Lianou and Koutsoumanis, 2011; 
Metris et al., 2008; Xu et al., 2015). 
Compromised cells have special growth requirements due to their physiological 
state and include two types of cells, i.e., those that could be culturable through proper 
culture conditions and cells viable but non-culturable. To detect the former it is 
necessary to adapt the culture conditions such as media, temperature and time (Subires 
et al., 2014). The most common strategy is to include a recovery step using a non-
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selective medium previously to the inoculation of the bacteria into the selective media. 
Some authors propose to use a plate count technique with both non-selective and 
selective culture media; indeed, the difference between both counts would reflect the 
count of cells with sublethal damage (Kell et al., 1998; Wesche et al., 2009). Although 
non-selective methods are used, compromised viable but non-culturable cells cannot be 
detected by using classical plate count methods (Braux et al., 1997; Gregori et al., 2001; 
Zhao et al., 2017) and, unfortunately from the public health point of view, they can 
retain their pathogenic potential. Bacteria culture techniques are time-consuming and do 
not show the physiological state of the cells (Lemarchand et al., 2001; Ueckert et al., 
1997). Recently, Subires et al. (2014) detected the presence of compromised cells of 
Escherichia coli O157:H7 in ready-to-eat pasta salad and its ability to recover along 
with the refrigerated storage. The present work is not focused on recovering the 
compromised cells for checking their cultivability with classic plate count methods but 
detecting them with a fast and reliable technique. FC is a technique that analyses cell by 
cell quickly and precisely, and it allows to differentiate several types of cells or 
populations depending on the combination of parameters, such as light and 
fluorescence, giving us quantitative information about the heterogeneity of the 
physiological state of bacteria (Davey, 2002). 
 
3.5. Conclusions 
C. sakazakii may be present in reconstituted PIF and survive the mild heat stress 
associated with its reconstitution; moreover, cross-contamination with non-heated and 
compromised cells can occur at any point. Despite the international recommendations 
for the preparation of PIF, some situations could arise especially at home such as the 
use of water temperatures as low as 40 ºC or after a mild heat treatment (40-70 ºC) 
 15 
previously to its use for the reconstitution of PIF, or even a mild re-heating treatment of 
a previously reconstituted PIF. All these situations increase dramatically the public 
health risk associated with the presence of C. sakazakii in reconstituted PIF. In the 
present study, three heat treatments have been used. As expected, the 100 ºC heat 
treatment is the most effective killing the microorganism, allowing the proper 
assessment of the damaged population with the cytometer; from that assessment 
onwards, the cytometric technique was able to differentiate the compromised –viable 
but non-culturable– cells creating a well-defined new cytometric gate vs the live cells 
populations. Heat treatments at 60 or 65 ºC did not eliminate all bacteria giving high 
numbers of compromised cells, showing that mild heat treatments are not enough to 
guarantee the safety of PIF. The importance of proper boiling treatment of water 
previously to its use for reconstituting PIF must be emphasized. Flow cytometry is able 
to detect C. sakazakii compromised cells that cannot be detected with classical plate 
count methods. Classic culture techniques are time-consuming and do not show the 
physiological state of the cells, allowing viable but non-culturable cells maintain their 
pathogenic characteristics along with the reconstitution of PIF and its consumption by 
the children.  
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Figure 1. Flow cytometry plot of SYTO9-PI stained alcohol-treated dead cells of Cronobacter
sakazakii. The distribution of the observed events was a function of forward and side light 
scatering. Results from one of the assays carried out in triplicate.
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Figure 2. Flow cytometry plots of SYTO9-PI stained Cronobacter sakazakii cells from non-
treated cell suspensions (nTCS) and treated cell suspensions (TCS; 0% nTCS). Different ratios 
of nTCS:TCS are shown (0, 25, 50, or 75% nTCS) after heat treatments at 60, 65, or 100 ºC. 
The plots show gates for live, compromised, and dead cells. Results from one of the assays 
carried out in triplicate.
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Figure 3. Correlation between agar plate counts (log CFU/ml) of C. sakazakii and 
total bacterial counts detected by flow cytometry (log FC counts/ml).
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